High-pressure ('performance') liquid chromatography has been used to investigate the reverse-phase chromatographic behaviour of peptides, ranging in length from 2 to 65 amito acid residues, which have originated from primary-sequence determinations or solution/solid-phase syntheses. By using a pyridine/formate-pyridine/acetate/propan-1-ol buffer system, as previously described [Hughes, Winterhalter & Wilson (1979) FEBS Lett. 108, 81-86], the influence of various experimental parameters were examined. (a) Peptide retention was observed to be temperature-independent between 25 and-55°C. (b) The dependence of chromatographic retention on pH decreases with increasing peptide hydrophobicity. (c) Chromatographic results from C8-and C 88-chain-length, as well as from 5,um-and 10,um-particle-size, supports were comparable. (d) The hydrophobic strength of the organic solvent in the mobile phase wasg observed to decrease: propan-1-ol propan-2-ol > acetonitrile > methanol. (e) When gradient rates (% of buffer B/unit time) were systematically decreased, peptide retention decreased in a hyperbolic manner. Comparisons of the peptides chromatographed with respect to their measured retention properties and calculated hydrophobicities were performed by computer analysis. Deviation of peptide chromatographic behaviour was observed to be essentially independent of hydrophobicity, chain length and charge. On the basis of the measured retention properties of the chromatographed peptides, hydrophobic constants for the various amino acid side chains were determined and compared with similar constants available from the literature.
During the past decade the number of papers describing the use of h.p.l.c. in peptide and, to some extent, in protein separations has dramatically increased. In part this has been due to improved chromatographic equipment, the availability of improved packings and columns, and the necessity to search for methods that would allow the investigator to work on smaller amounts of material.
Of the various categories of liquid chromatography, the most widely used (to date) appears to be reverse phase for both analytical and preparative h.p.l.c. of smaller proteins mol.wt. (below <10000-15 000), large peptide fragments, e.g. from cleavages with CNBr, and smaller peptide mixtures [for general papers and related literature, see Goodman & Meienhofer (1977) , Hawk (1979) , Gross & Meienhofer (1979) and Lottspeich et al. (1981) ].
In a series of recent publications concerning microsequence methodology Wilson et al., 1979a,b; Wilson & Hughes, 1980) , we illustrated the use of reverse-phase h.p.l.c. in both peptide isolation (Hughes et al., 1979a) and in the 0306-3275/81/100031-11$01.50/1 ( 1981 The Biochemical Society K. J. Wilson, A. Honegger, R. P. Stozel and G. J. Hughes identification of degradation products from Edmantype sequencing . The elution of fragments arising from either chemical (CNBr) or enzyntic (trypsin) cleavages was monitored by allowing pmol (,ug) amounts (which were removed by a stream-splitting device) to react with fluorescamine or o-phthalaldehyde and measuring the ehsuing relative fluorescence in a fluorometer equipped with a flow-through cell. Although peptides from complicated mixtures were isolated to homogeneity in the studies, as well as in those described by Hughes et al. (1981) in an accompanying paper, it was not apparent, nor was any attempt made to correlate the chromatographic properties of a specific peptide to its primary sequence, secondary structure or the hydrophobicity of its constituent amino acid side chains.
In the present paper an attempt has been made to correlate the chromatographic behaviour of 'underivatized' peptides on a commercially available reverse-phase packing. The peptides used, from commercial sources or isolated during sequence investigations, have ranged from 2 to 65 amino acid residues in length. In addition to yielding information concerning the elution characteristics of a peptide (s), this chromatographic system, when combined with fluorescence detection, provides a rapid and highly sensitive method for the analytical (purity check) or preparative separation of closely related analogues (isomeric oligomers).
Materials and methods
The h.p.l.c. instrument used consisted of two Altex pumps (model 110), controlled by an Altex microprocessor (model 420) and a Rheodyne syringe injector (model 7125 with a 100,ul sample loop). Detection was based on the reaction of a predeterminable amount of the effluent with fluorescamine and measurement of the resultant fluorescence. The detection system has been uiescribed in detail elsewhere (Hughes et al., 1979a; Bohlen et al., 1975 Results and discussion Typical results from the chromatography of peptides using the described h.p.l.c. system are shown in Fig. 1 for two linear gradients (0-50% of buffer B in the A + B buffer mixture) of durations 36min ( Fig. la) and 132min (Fig. lb) . After sample injection, a 12 min elution with buffer A preceded the start of the gradient. Failure to include the 'wash' period before the application of a relatively steep gradient resulted in the co-elution of peptides B and C during the earlier portion of the gradient. The elution points of peptides A (unretained), C and D were independent of the presence or absence of the wash step. Additionally, one can observe how the elution points are dependent on the steepness of the gradient employed during separation. This point is further discussed in 'connection with Fig. 6 (below). As expected with reverse-phase chromatography, and in contrast with isocratic elution, peak width and height is rather well maintained during the duration of the gradient and peak tailing is minimal. These factors are important when maximal sensitivity at the low-picomolar range is desired. Here the order of peak elution is in agreement with the calculated hydrophobicities.
The degree of resolution, as well as yield, is Rekker (1977) and assuming a value of -0.82 for arginine (see Table 2 ease of purification (relatively low cost) and low toxicity make their use inevitable [Mahoney & Hermodson, 1980; Wilson et al., 1981 (an accompanying paper)].
Elution differences from C8-and C 18-chain-length supports have been found to be minimal with the described propan-1-ol solvent system (Fig. 3) . However, hydrophilic peptides, which are only slightly adsorbed or elute during the prewash, are sometimes affected (peak B, Fig. 3B ). These results are in general agreement with those of Blevins et al. (1980) , where the elution characteristics of neurohypophyseal peptide hormones on different reverse-phase packings were investigated. They observed, however, slightly larger variation in retention times between the C8-and Cg8-chain-length stationary phases. Due to the poor selectivity of C27chain-length supports, presumably due to the polar character of the stationary phase (Blevins et al., 1980) , no attempt was made to characterize such a packing.
Inasmuch as the aim of the present investigation was to correlate a peptide's chromatographic properties with its hydrophobicity, the consideration of other experimental parameters was necessary. As  Fig. 4(a) illustrates, peptides are eluted essentially independent of temperature between 25 and 55°C with the described solvent-detection system. Other authors (Mahoney & Hermodson, 1980) have observed, however, that peptides elute somewhat earlier and with decreased peak resolution. As will be shown in the following paper , such small temperature-dependent changes would not be detected with the presently used detection system, owing to post-column mixing. Differences in the pH of the initial buffer can lead to significant changes in the elution properties of some peptides (Fig. 4b) . This effect has also been noted with numerous larger peptides which, because of their solubility properties, were chromatographed with both buffers at pH 5.5 (Hughes et al., 1979a) . The chromatography of those peptides that elute during the first part of the gradient, i.e. the more polar peptides, is most strongly effected. This characteristic has in fact been used by Kratzin et al. (1980) as a means to separate polar tryptic peptides where initial separation was at pH6.0 followed by the reinjection of impure fractions at pH 3.0.
Peptide chromatographic behaviour was found to be identical when 5,um-or 10,um-particle-size packings were tested (results not shown). CNBr fragments of aminoethylated a-chain of human haemoglobin were chromatographed (4.2nmol injected, 9.0% of effluent removed for detection). Peaks-marked as 1, 2 and 3 represent the peptides corresponding to residues 1-32, 33-76 and 77-141, with hydrophobicity values of 16.58, 24.44 and 44.89 respectively. (b) Chromatography, using 60% (v/v) propan-2-ol and propan-.1-ol in buffer B (as bove), of the same peptide mixture, with identical amounts being injected as in Fig. 1. essentially as an isocratic system at each extreme, this observation would be expected. Thus any improvements in the chromatographic properties of a packing should result in enhanced resolution.
The results in Fig. 5 gradient, but it is also apparent that their points of elution (in terms of percentage of buffer B) decrease with decreasing steepness in a hyperbolic. manner.
Results from the chromatography (Fig. 1) of the four-peptide mixture suggested that the elution order approximates a direct function of hydrophobicity. This is further illustrated in Fig. 6 , which correlates the elution points of the peptides listed in Table 1 with the summation of the hydrophobicities of their constituent amino acids, calculated by using the values given by Rekker (1977; also see Table 2 ). Although significant point scatter is apparent, the peptides do tend to elute as expected, i.e., dependent Vol. 199 on their respective hydrophobicities. A closer examination, however, indicates that factors other than side-chain hydrophobicity alone, are responsible.
For example, included are the slopes arising from linear-regression analyses of those peptides with £f (peptide hydrophobicity)< 15 (slope= 1.89, <26 residues), and including the four fragments with Ef > 15 (slope = 1.07, > 31 residues). One possible explanation for this difference might be the presence of secondary structure in the larger peptides (see Portions of the peptide mixture, identical with those used for Figs. 1-3 , were injected at the indicated temperatures and eluted, after a 12min pre-wash, with a gradient from 0 to 7096 buffer B in A + B buffer mixture over 36min. Similarly, the effect of pH was investigated by equilibrating the column with a freshly prepared buffer A solution at the indicated pH values, injection and elution being as described above. Distances (cm) were measured from injection point to the peak centre. gradients from 0 to 50% buffer B in A + B buffer mixture which extended over 25, 36, 48, 72, 96 and 132min . Elution times are plotted for peptides B, C and D (see Fig. 1 ) with respect to buffer concentration at point of elution, i.e. peak maximum. mixture) After a 12min pre-wash, chromatography was performed with a 36min gradient from 0 to 70% buffer B in A + B buffer mixture. The symbol * is used to represent peptides that contained only L-amino acids and were not blocked at either the Nor C-terminus (see Table la ). Modified peptides (see Table lb ) are represented by the symbol 0. For the unmodified peptides (*) with £f< 15, a slope of 1.89 was found by linear-regression analysis. Similarly, a value of 1.07 when those unmodified peptides with £f> 15 were also considered. satisfactorily explained. However, differences in their molecular hydrophobicities, rather than the hydrophobic properties of the peptides constituent amino acids, have been implicated (Terabe et al., 1979) .
Deviation from the expected chromatographic behaviour seems to be independent of hydrophobicity (Fig. 7a) and of propan-1-ol concentration (Fig. 7b) . In the latter case, those peptides eluting at the beginning of the gradient are affected to some degree. However, their sequences [e.g. GY, KWK,TKPPR and AGCKNFFWKTFTSC (singleletter code), see Table la ] have little in common. The differences between observed and predicted peptide retentions (Fig. 8c) agree rather well. As indicated for Fig. 7b , peptides that are eluted early are strongly affected. Similarly, most of the peptide derivatives (see Table lb on elution The percentage deviation was calculated from the linear-regression anlaysis, where slope = 1.89 (see Fig. 6 ). Peptide charge, considered to be constant throughout the gradient, was calculated by assuming total protonation of aspartic acid, glutamic acid, histidine, lysine and arginine residues; N-and C-termini were protonated and deprotonated respectively. For the dependence on chain length only, results are given for peptides up to 24 residues long. For symbol definition, see Fig. 6 . , and the correlation between predicted and actual elution points ofthe peptides (c) Percentage deviation was calculated from the linear-regression analysis by using a slope value of 1.89 (see Fig. 6 ). Peptide hydrophobicities were calculated by using the side-chain constants of Rekker (1977) ; predicted elution values were obtained by assuming that expected chromatographic behaviour is represented by the best-fit line with slope = 1.89. For symbol definition, see Fig. 6 . Vol. 199 residues. Since the hydrophobic constants of Rekker (1977) have been used without correction, discrepancies in their predicted retention times are expected. For most of the remaining examples, the hydrophobic summations have been adjusted for blocked N-and/or C-termini (see Table 1 ).
Correlations between percentage deviation from predicted elution and charge, which was assumed to have remained constant throughout the gradient, as Amino acid (one-letter symlpl in parentheses) Tryptophan Fig. 9 , where the constants from Meek (1980) and those from the present study (Table 2) Actual elution point (% of buffer B in A + B mixture) Fig. 9 . Comparison of predicted peptide retentions calculated by using various hydrophobic constants The constants (see Table 2 ) from Meek (1980) were used to predict elution points in (a), and from the present study in (b). Only those peptides listed in Table 1 (a) for which constants were available for all of its constituent amino acids were considered. peaks eluted [an accompanying paper (Wilson et al., 1981)1; (iii) the predicted value also allows for an estimation of where, in terms of organic solvent concentration, a gradient should be initiated.
